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Necrosis and apoptosis of polymorphonuclear cells exposed to perito-
neal dialysis fluids in vitro. Conventional peritoneal dialysis (PD) fluids
are known to inhibit polymorphonuclear cells (PMN) phagocytosis, oxi-
dative burst and enzyme release. However, the relative contributions of
apoptosis and/or necrosis to this dysfunction have not been examined. We
investigated the effects of osmolality, glucose concentration and heat-
sterilization of PD fluids on necrosis and apoptosis of PMN. Polymorpho-
nuclear cells were isolated from 8 healthy volunteers and exposed to
different PD fluids for four hours. PMN were then double-stained with
Hoechst 33342 and propidium iodide to study the proportion of viable,
apoptotic and necrotic cells. Transmission electron microscopy (TEM)
was performed to confirm the results obtained with flow cytometry. The
fluids studied were conventionally heat-sterilized 1.5% Dianeal® (I .5%D),
conventionally heat-sterilized 4.25% Dianeal (4.25%D), 1.5%D in which
the osmolality was increased to that of 4.25%D by adding mannitol
(l.5%D+M), a filter-sterilized version of 4.25%D (4.25%D-F) and a 1.1%
amino acid PD fluid (AA) (Nutrineal® PD4). All PD fluids had their pH
equilibrated (pH = 7.4) by the addition of sodium bicarbonate. Compared
to PMN exposed to culture medium, a significantly higher proportion of
necrosis was observed in PMN exposed to 1.5%D (P = 0.04).The 4.25%D
induced greater necrosis than 1.5%D (P = 0.001), and the 4.25%D also
induced significantly more necrosis (P = 0.002) compared to 4.25%D-F.
These data suggest that the consequences of heat-sterilization, rather than
high glucose concentration are responsible for the necrosis observed.
Indeed, the proportion of necrotic PMN with 4.25%D-F was not signifi-
cantly different from 1.5%D. The 1.5%D+M and AA induced signifi-
cantly more apoptosis compared to l.5%D (P = 0.006 and P < 0.05,
respectively), suggesting that apoptosis can be induced by the high
osmolality of PD fluids. However, 1.5%D±M also induced significantly
more apoptosis (P = 0.007) compared to 4.25 %D-F. This suggests that the
apoptosis effect is specific for the osmolyte present in PD fluids, and that
mannitul and amino acids induce more apoptosis than glucose. In
summary, the different non-physiological components of conventional PD
fluids evaluated in this study had a differential effect on PMN survival.
Heat sterilization of high glucose-containing PD fluids was associated
predominantly with necrosis of PMN, and high osmolality with apoptosis.
In multicellular organisms, two basic forms of cell death have
been described [1, 21. Necrosis is a form of cell death due to
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sudden changes in the environment, leading to rupture of the
plasma membrane and extravasation of cellular content [1].
Apoptosis or programmed cell death refers to a more physiolog-
ical form of cell disposal [1]. Apoptotic cells undergo a stereo-
typed sequence of changes, marked by shrinkage and nuclear
collapse [1, 3]. Among leukocytes, polymorphonuclear cells
(PMN) are the cells with the shortest half-lives [4]. In vitro, ifl the
absence of survival factors, PMN undergo apoptosis constitutively
within three to five days [5—71. In the late steps, the nucleus and
the chromatin are digested, and after many hours, the cell
membrane is ruptured [5—7]. However, in vivo, macrophages in
the peripheral tissues recognize and phagocytoze PMN in the
early stages of apoptosis [81. Therefore, the whole process of
apoptosis avoids the extravasation of destructive enzymes and
reactive oxygen species (ROS) into the surrounding tissue [8].
Several studies have shown that conventional peritoneal dialysis
(PD) fluids adversely affect PMN functions such as phagocytosis,
ROS production and degranulation [9—121. In particular, in vitro
studies have shown that cells exposed to the low pH of PD fluids
develop intracellular acidosis with subsequent dysfunction and
death [13—15]. However, despite correction of pH [9, 16], cell
viability and functions continue to be adversely affected by PD
fluids, particularly those with high glucose concentrations. This
dysfunction has been attributed to the other non-physiological
components of PD fluids, such as lactate [15], osmolality [17], and
the glucose degradation products (GDP) formed during heat-
sterilization [18]. To date however, the mechanisms by which P[)
fluids induce PMN dysfunction have not been completely eluci-
dated. Since the affected functions are dependent on different
metabolic pathways, it is reasonable to hypothesize that these
multiple defects could be caused by necrosis. However, when
PMN arc exposed to PD fluids, the proportion of necrosis is quite
variable [16, 17, 19, 20]. Further, in some studies the proportion of
necrotic cells did not match the degree of dysfunction observed
116, 20]. Dysfunction of PMN in the presence of an intact cell
membrane can he associated with apoptosis [21]. Therefore, it is
conceivable that conventional PD fluids induce apoptosis of PMN,
which could potentially explain the multiple functional defects
observed after exposure to these fluids. To date, all studies
assessing viability of PMN after exposure to PD fluids have
employed techniques such as trypan blue exclusion or LDH
release, which are able to detect necrosis, but not early apoptosis.
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We sought to investigate the relative contributions of apoptosis
Cendoroglo et al: Cytotoxicity of PD fluids on PMN 1627
Table 1. Characteristics of test fluids and proportion of necrotic and
apoptotic polymorphonuclear cells after exposure to test fluids
Glucose Osmolality Necrotic/total Apoptotic/Total
Test fluid concentration mOsm/liter PMN % PMN %
RPMI 0.2% 302 7.5 2.0 5.9 1.5
1.5% D 1.36 % 326 14.8 4.4 2.3 0.4
4.25% D 3.86 % 483 74.0 9.1 1.4 0.9
1.5% D+M 1.36% 494 13.0 2.0 15.1 3.1
4.25% D-F 3.86 % 477 15.3 4.8 2.5 0.5
AA — 365 12.9 3.4 11.9 3.2
Abbreviations are: D, conventional heat-sterilized Dianeal®; M, man-
nitol; D-F, filter sterilized; AA, 1.1% amino acids (Nutrineal® PD4). Data
are mean SCM from eight experiments, except for AA in which data are
mean SEM from four experiments.
and necrosis to the cytotoxic effects of conventional PD fluids and
the effects of osmolality, glucose concentration and heat steriliza-
tion of PD fluids on PMN necrosis and apoptosis. These studies
were conducted with fluids in which the pH was equilibrated (pH
7.4), since the adverse effects of low pH have been clearly
demonstrated.
METHODS
Test fluids
All PD fluids had their pH equilibrated (pH 7.4) by the addition
of 7.5% sodium bicarbonate. The osmolality and glucose concen-
tration of the test solutions are described in Table 1. To study the
effects of increasing glucose concentration and osmolality on
PMN apoptosis and necrosis, we compared conventional 1.5%
Dianeal® (1.5%D), 4.25% Dianeal® (4.25%D) (Baxter Health-
Care Co., Deerfield, IL, USA) and PMN culture medium
(HEPES buffered RPMI 1640; Sigma Chemical Co., St. Louis,
MO, USA; 10% fetal calf serum and 1% penicillin-streptomycin;
Life Technologies, Grand Island, NY, USA). To study the effects
of increasing osmolality when controlled for glucose concentra-
tion, we compared 1.5%D with 1.5%D, in which the osmolality
was increased to that of 4.25%D, by adding mannitol
(1.5%D+M). To confirm the effects of osmolality, we also tested
a 1.1% amino acid PD fluid (AA) (Nutrineal® PD4, Baxter
HealthCare Co., Rome, Italy). To study the effects of increased
glucose concentration when controlled for osmolality, we com-
pared 4.25%D with 1.5%D+M. Finally, to study the adverse
effects of heat sterilization, we compared 4.25%D (heat-steril-
ized) to a filter-sterilized version of 4.25%D (4.25%D-F). In order
to demonstrate the typical phenotype of apoptosis, we also
exposed PMN to culture medium with 10 xg/ml of cycloheximide
(Aldrich Chemical Co., Milwaukee, WI, USA).
Polymorphonuclear cell isolation
Water, tissue culture media, PD fluids and other solutions used
in the study were subjected to ultrafiltration using a polyamide
hollow-fiber ultrafilter (U2000, Gambro AB, Hechingen, Germa-
ny), to remove cytokine-inducing agents. Blood was obtained from
eight healthy volunteers. Polymorphonuclear cells were harvested
by Ficoll-Hypaque separation and hypotonic lysis of red blood
cells as previously described [22, 231. Briefly, each 10 ml sample of
heparinized (10 U/mI) blood was diluted with 20 ml of normal
saline (Abbott Laboratories, Rockford, IL, USA), underlayered
with 10 ml of Ficoll-Hypaque and centrifuged at 450 Xg for 40
minutes at room temperature. After discarding the upper layers,
PBS and 3% dextran were added to the buffy coat. After 15
minutes, the supernatant was harvested and centrifuged at 450 g
for five minutes. Residual eiythrocytes were lysed with hypotonic
saline and the cells were suspended in PMN culture medium
(10 X 106/ml) [22, 23].
In vitro incubation of polymorphonuclear cells with peritoneal
dialysis fluids
To 0.5 ml of cell suspension, 1.5 ml of PMN culture medium
was added and incubated for one hour in 12-well tissue culture
plates (Becton Dickinson, Lincoln Park, NJ, USA). After PMN
had adhered to the bottom, the supernatant was aspirated and 2
ml of test solution was added to each well. Cells were then
incubated for four hours at 37°C with 5% CO2. The four hour
duration was chosen because in preliminary experiments, the
apoptotic phenotype took two to four hours to develop. After
incubation, PMN suspensions were transferred to 6 ml polysty-
rene tubes (Becton Dickinson) and centrifuged for 10 minutes at
250 g at 4°C. Polymorphonuclear cells were washed in 1 ml of PBS
and centrifuged at 250 g for five minutes. The washing procedure
was done twice.
Immunofluorescence staining
Polymorphonuclear cells were then resuspended in a I cxg/ml
solution of Hoechst 33342 (HT) (2' -[4-ethoxyphenyl]-5-[4-methyl-
1-piperazinyl]-2,5'-bi-lH-benzimidazole; Sigma Chemical Co.) in
PBS and incubated at 37°C for 20 minutes. In order to prevent
further uptake of the dye, the cells were placed on ice. Cells were
then centrifuged at 250 g for five minutes and resuspended in
PBS. Propidium iodide (PT; Sigma Chemical Co.) was added at a
final concentration of 5 xg/ml, and the cells were immediately
subjected to flow cytometric analysis.
Flow cytometric analysis
Flow cytometric analysis was carried out at a flow rate of 1000
cells/second using a dual laser flow cytometer (FACSTAR plus;
Beckton Dickinson). HT was excited using an Argon laser with
optics for utra-violet (UV) laser light (352 nm), and P1 was excited
using the 488 nm UV line of the other Argon laser. For each
assay, PMN exposed to RPMI alone (controls) were analyzed first,
in order to determine the gates delineating high and low HT and
P1 uptake. PMN with high P1 uptake were considered unviable.
Among the viable PMN, those with low HT uptake were consid-
ered normal and those with high HT uptake were considered
apoptotic [24]. The proportion of necrotic PMN was calculated as
the number of necrotic PMN divided by the total number of
PMN x 100, The proportion of apoptotic PMN was defined as
the number of apoptotic PMN divided by the total number of
PMN x 100.
Transmission electron microscopy
To validate the phenotypical findings observed with flow cytom-
etry, transmission electron microscopy (TEM) was also per-
formed. Polymorphonuclear cell suspensions exposed to the var-
ious test fluids were pelleted at 250 g for five minutes and fixed
with 2.5% glutaraldehyde at 37°C for two hours. Cells were
washed with 0.1 M sodium cacodylate and post-fixed with 1%
osmium tetroxide for one hour at 0°C. Subsequently, cells were
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rewashed and resuspended several times with increasing concen-
trations of ethanol (30 to 100%). After ethanol treatment, cells
were embedded in polybed 812 Resin (Polysciences, Warrington,
PA, USA) with enbioc stain of 1.5% uranyl acetate in 50%
ethanol. Gold thickness sections were cut with diamond knife, on
a Reichert Ultracut E ultramicrotome. The sections were post-
stained with Sato's lead stain and 3% uranyl acetate. Finally,
sections were examined and photographed by an independent
observer under a Phillips CM-b electron microscope (Phillips,
Eindhoven, The Netherlands).
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Fig. 1. Flow cytometric analysis demonstrating apoptosis or necrosis of PMN exposed to different test fluids. Dual staining with Hoechst 33342 (HT)
and propidium iodide (P1) shows apoptotic polymorphonuclear cells (PMN), represented by high HT/low P1 staining (left upper quadrant); viable
non-apoptotic PMN, represented by low HT/low PT staining represent (left low quadrant), and necrotic PMN, represented by high PT staining (right
upper and lower quadrants). Representative plots of PMN exposed to PMN exposed to 1.5%D CA), 4.25%D (B), 1.5%D+M (C) and PMN culture
medium with cycloheximide (D) are shown. PMN exposed to 4.25%D (B) show a higher proportion of necrotic cells, compared to 1.5%D (A) or
1.5%D+M (C). PMN exposed to 1.5%D+M (C) showed a higher proportion of apoptotic cells compared to 1.5%D (A). The classical distribution of
apoptotic PMN, after exposure to PMN culture medium with cycloheximide, is shown in (D) for comparison.
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Effect of increasing osmolality of heat-sterilized peritoneal
dialysate fluids, while controlling for glucose concentration
To study the effect of increasing osmolality of heat-sterilized
PD fluids, while controlling for glucose concentration, we com-
pared PMN exposed to 1.5%D and 1.5%D+M (Fig. 2). The
1.5%D+M fluid induced significantly more apoptosis compared
to 1.5%D (P = 0.006), suggesting that apoptosis was induced by
the high osmolality of PD fluids. The proportion of necrotic PMN
was not significantly different between groups.
The effect of osmolality was further tested by comparing
necrosis and apoptosis of PMN exposed to AA and 1.5%D in four
experiments. Compared to 1.5%D, AA induced significantly more
apoptosis (P < 0.05).
Fig. 2. Effect of increasing glucose concentration, osmolality and heat
sterilization of peritoneal dialysate (PD) fluids on apoptosis and necrosis
of PMN. Proportion of necrosis: (E) Significant differences observed with
1.5%D versus culture medium (P = 0.04); 4.25%D versus 1.5%D (P =
0.001); 4.25%D versus 1.5%D+M (P < 0.001); 4.25%D versus 4.25%D-F(P = 0.002). Proportion of apoptosis (): Significant differences observed
with 1.5%D+M versus 1.5%D (P = 0.006); AAversus 1.5%D (P <0.05);
4.25%D-F versus 1.5%D+M (P = 0.007).
Statistical analysis
Continuous variables are expressed as means SEM. The effect
of different PD fluids on PMN apoptosis and necrosis was
analyzed using the analysis of variance (ANOVA) for repeated
measures or paired I-test, as appropriate. Differences were con-
sidered significant if P < 0.05 (two-tailed). Tests were performed
with a PC-based software (True-Epistat, Richardson, TX, USA).
RESULTS
Flow cytometric distribution of polymorphonuclear cells gated
for Hoechst 33342 and propidium iodide
Figure 1 illustrates the distribution of PMN gated for fluores-
cence of HT and P1. These panels represent the results obtained
with the 8 experiments. Figure 1 panels A, B and C show PMN
exposed to 1.5%D, 4.25%D and l.5%D+M, respectively. Figure
1D shows PMN exposed to PMN culture medium with cyclohex-
imide. PMN exposed to 4.25%D demonstrated the highest pro-
portion of necrosis, PMN exposed to 1.5%D+M demonstrated a
higher proportion of apoptosis than PMN exposed to the other
fluids. PMN exposed to cycloheximide (Fig. 1D) illustrate the
classical apoptotic phenotype observed with this technique.
Effect of increasing glucose concentration and osmolality of
heat-sterilized peritoneal dialysate fluids
To study the effect of increasing glucose concentration and
osmolality, PMN exposed to culture medium, 1.5%D or 4.25%D
were compared (Fig. 2). Compared to PMN exposed to culture
medium, a significantly higher proportion of necrosis was ob-
served in PMN exposed to 1.5%D (P = 0.04). 4.25%D induced
greater necrosis than 1.5%D (P = 0.001).
Effect of increasing glucose concentration of heat-sterilized
peritoneal dialysate fluids, while controlling for osmolality
To study the effect of increasing glucose concentration of
heat-sterilized PD fluids, while controlling for osmolality, we
compared PMN exposed to 1.5%D+M or 4.25%D (Fig. 2). PMN
exposed to 4.25%D exhibited a significantly higher proportion of
necrosis compared to 1.5%D+M (P < 0.001), suggesting that
necrosis was the dominant effect in PMN exposed to heat-
sterilized PD fluids with high glucose concentration.
Effect of heat-sterilization of high glucose-containing peritoneal
dialysate fluids
To study the effect of heat-sterilization of high glucose-contain-
ing PD fluids, we compared PMN exposed to 4.25%D (heat-
sterilized) or 4.25%D-F (filter-sterilized) (Fig. 2). The 4.25%D
fluid induced significantly more necrosis (P = 0.002), compared to
4.25%D-F. The proportion of apoptotic PMN was not signifi-
cantly different between groups. These data suggest that heat-
sterilization, rather than high glucose concentration is responsible
for the necrosis observed.
Comparison of the peritoneal dialysate fluids
Comparison of the effects of the high glucose-containing filter-
sterilized fluid (4.25%D-F), the mannitol-containing heat-steril-
ized fluid (1.5%D+M) and the amino acids-containing fluid (AA)
was done by studying the effects of different osmolytes (glucose,
mannitol and amino acids) on apoptosis and necrosis rates. We
compared 1.5%D+M and AA with 4.25%D-F, rather than
4.25%D. The 1.5%D+M fluid induced significantly more apopto-
sis (P = 0.007), but a similar proportion of necrosis, compared to
4.25%D-F. Likewise, AA induced more apoptosis and less necro-
sis than 4.25%D-F, but these differences did not reach statistical
significance (P = 0.07 and P = 0.08, respectively).
Transmission electron microscopy
In order to validate the phenotypic classification of apoptotic
PMN, TEM was also performed in one set of experiments. Figure
3 shows the TEM slides of PMN exposed to PMN culture medium
(Fig. 3A), cycloheximide (Fig. 3B), or 1.5%D+M (Fig. 3C).
Typical normal PMN are represented in Figure 3A. The typical
features of PMN apoptosis after exposure to cycloheximide are
represented in Figure 3B. Figure 3C shows normal and apoptotic
PMN after exposure to 1.5%D+M.
a
Fig. 3. Transmission electron microscopy of polymorphonuclear cells (PMN) exposed to PMN culture medium (A), cycloheximide (B) and 1.5%D+M
(C). The typical features of apoptosis are represented by PMN exposed to PMN culture medium with cycloheximide (chromatin condensation, loss of
cytoplasmic processes, round cell shape, and in some cells, fading of the nuclear membrane). In (C), it is possible to observe that some PMN exposed
to 1.5%D+M also display the apoptotic phenotype.
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Fig. 3. Continued.
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DISCUSSION
Yang and colleagues have recently reported increased apopto-
sis of mesothelial cells after exposure to PD fluids, as assessed by
the TUNEL technique, which detects the DNA breakage that
takes place in late apoptosis [25]. These authors observed that
conventional PD fluids (1.5% Dianeal®, 2.5% Dianeal® and
4.25% Dianeal®) induced more apoptosis than cell culture me-
dium. Although there was a trend towards increased apoptosis
with increasing glucose concentration and osmolality, the differ-
ence was not statistically significant. This technique is limited by
its low potential to detect early apoptotic events and inability to
differentiate between apoptosis and necrosis.
We examined the effect of different non-physiological compo-
nents of PD fluids on necrosis and apoptosis in PMN using dual
staining with Hoechst 33342 (HT) and propidium iodide (P1) [24].
One of the advantages of this method is the non-use of a fixative,
enabling the quantification of normal, apoptotic and necrotic cells
in the same assay. Propidium iodide only crosses the cytoplasmic
membrane of necrotic cells [26], while HT is a probe for nucleic
acids that freely crosses the intact cytoplasmic membrane. It has
been observed that after staining with this dye, early apoptotic
cells exhibit higher fluorescence than normal cells, possibly due to
increased uptake or increased binding of the dye to conforma-
tionally altered DNA [24]. Thus, the use of both dyes permit the
separation of necrotic (high P1 staining), viable (low P1—low HT
staining) and apoptotic cells (low P1—high HT staining) [27].
The discrimination between apoptosis and necrosis can be
difficult [3]. Hebert and colleagues have recently studied the
morphologic events that occur during apoptosis of PMN, using
flow cytometric determination of HT and P1 uptake [7]. During
flow cytometry, PMN were gated on four different clusters,
according to the intensity of HT and P1 staining. Cells from each
gate were then sorted and analyzed by light-microscopy, electron
microscopy and DNA fragmentation assay. The authors observed
that the flow cytometric method was more sensitive than tradi-
tional light-microscopy to detect apoptosis. This study validated
the flow cytometric analysis of PMN stained with HT and P1 for
the quantification of apoptosis and necrosis. In the present study,
we investigated the role of osmolality, glucose concentration, and
heat sterilization of pH-adjusted PD fluids on PMN necrosis and
apoptosis, using the above-described technique.
We have recently shown that phagocytosis and oxidative burst
in PMN exposed to 4.25%D were significantly decreased as
compared to 1.5%D or 4.25%D-F [28]. These results suggested
that heat-sterilization of high glucose-containing PD fluids in-
duces PMN dysfunction. In the present study, we observed that
conventional heat-sterilized PD fluids with high glucose concen-
tration (4.25%D) had an adverse effect on PMN survival, leading
to a marked increase in the proportion of necrotic PMN. How-
ever, a filter-sterilized PD fluid of similar glucose concentration
and osmolality (4.25%D-F) induced significantly less necrosis
compared to 4.25%D. Indeed, the proportion of necrotic PMN
with 4.25%D-F was not significantly different from 1.5%D. These
results suggest that factors other than glucose concentration or
osmolality are responsible for the necrosis of PMN observed with
4.25%D. During heat sterilization of conventional PD fluids,
glucose is broken down to aldehydes and other toxic substances,
conventionally called glucose degradation products (GDP) [18,
29]. The levels of these GDP are low in filter-sterilized PD fluids
[18]. Hence, it is possible that the high proportion of necrotic
PMN observed with 4.25%D was due to the effect of GDP in the
heat-sterilized PD fluids, Indeed, the same batches of 4.25% fluids
used in this study were previously tested in a study that compared
bicarbonate/lactate with lactate-buffered peritoneal dialysis fluids.
Compared to heat-sterilized 4.25%D, 4.25%D-F was shown to
have a lower concentration of acetaldehyde (4.54 ppm vs. < 0.79
ppm), fructose (1.30% vs. 0%) and 5-HMF (0.036 vs. 0.001
Abs@284 nm) [30].
We have previously shown that high osmolality induces PMN
dysfunction independent of glucose [28]. In the present study, we
observed that increasing osmolality (1.5%D vs. 1.5%D+M or
AA) led to an increase in the proportion of apoptosis in PMN.
Therefore, the high osmolality-induced apoptosis could be a
contributing factor to the dysfunction of PMN observed after
exposure to these fluids. Interestingly, exposure to 4.25%D-F,
which had a similar osmolality as 1.5%D+M, did not induce a
higher degree of apoptosis compared to 1.5%D. This suggests that
the apoptosis effect is specific for the osmolyte(s) present in PD
fluids, and that mannitol induces more apoptosis than glucose.
Indeed, different osmolytes exert different effects on PMN func-
tions and viability [17, 31]. Glucose is absorbed by PMN in culture
independently of insulin [32]. Mannitol, on the contrary, is an
obligate extracellular solute that is virtually not transported
through the cytoplasmic membrane [33]. Therefore, it is possible
that, by exerting a more pronounced and prolonged effect on the
transmembrane osmotic gradient, mannitol may induce more
significant cell abnormalities than glucose, leading to PMN apo-
ptosis. Indeed, we also observed significanlty increased apoptosis
with Nutrineal® (AA), yet another non-glucose osmolyte.
In conclusion, the PMN dysfunction observed after exposure to
PD fluids is probably due to a combination of necrosis and
apoptosis. High osmolality is probably the cause of apoptosis and
heat-sterilization (possibly GDP) the cause of cell necrosis. How-
ever, these results probably represent the extreme effects of these
non-physiological characteristics of the PD fluids studied. In the
clinical setting, these non-physiological components are progres-
sively abrogated over the dwell time of the PD exchange [9, 16].
The mechanisms involved in PMN apoptosis induced by different
osmolytes and the duration of exposure required to induce this
effect merit further investigation.
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APPENDIX
Abbreviations used in this article are: PMN, polymorphonuclear cells;
PD, peritoneal dialysis; TEM, transmission electron microscopy; AA,
amino acid PD fluid; %D, percent conventional heat-sterilized Dianeal®;
%D-F, percent Dianeal® filter-sterilized version; %D+M, percent Dia-
neal® with mannitol added; ROS, reactive oxygen species; GDP, glucose
degradation products; HT, Hoechst 33342 solution; P1, propidium iodide.
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